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1 |  INTRODUCTION
Muscle strength testing is an important consideration in 
both clinical practice and research and is frequently used in 
both athletes and patients with shoulder disorders.1-3 Muscle 
strength evaluation can assist clinicians to quantify the degree 
of impairment and guide treatment.1,4 Thus, assessments of 
muscle strength are commonly performed before and after an 
intervention to quantify treatment efficacy.3
Manual muscle testing, as a test method for assessing 
muscle strength, has demonstrated poor reliability compared 
with more objective methods such as handheld dynamometry 
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Like any assessment tool, handheld dynamometry (HHD) must be valid and reli-
able in order to be meaningful in clinical practice and research. To summarize the 
evidence of measurement properties of HHD for the assessment of shoulder mus-
cle strength. Cochrane Central Register of Controlled Trials (CENTRAL), PubMed, 
EMBASE, and PEDro were searched up to February 2020. Inclusion criteria were 
studies (a) evaluating HHD used on the glenohumeral joint, (b) evaluating measure-
ment properties, and (c) included individuals ≥ 18 years old with or without shoulder 
symptoms. Exclusion criteria were studies (a) including patients with neurologic, 
neuromuscular, systemic diseases, or critical illness or bed-side patients and (b) that 
did not report the results separately for each movement. In total, 28 studies with 963 
participants were included. The reliability results showed that 98% of the intraclass 
correlation coefficient (ICC) values were ≥0.70. The measurement error showed that 
the minimal detectable change in percent varied from 0% to 51.0%. The quality of 
evidence was high or moderate for the majority of movements and type of reliability 
examined. Based on the evidence of low or very low quality of evidence, the conver-
gent validity and discriminative validity of HHD were either sufficient, indetermi-
nate, or insufficient. The reliability of HHD was overall sufficient, and HHD can be 
used to distinguish between individuals on the group level. The measurement error 
was not sufficient, and evaluation of treatment effect on the individual level should 
be interpreted with caution.
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(HHD) and isokinetic dynamometry (ID).5-7 Although ID is 
often considered the criterion standard in muscle strength 
assessment, HHD has the advantage to be portable, inexpen-
sive, easy to use, and minimally time-consuming.1,4
Prior to monitoring muscle strength in a clinical setting 
or in research, the measurement properties need to be estab-
lished.8 Relevant measurement properties for an objective 
instrument like HHD are validity, reliability, measurement 
error, and responsiveness.9-11 The validity can be examined by 
comparing the instrument to another similar instrument (con-
vergent validity) or by comparing groups who are expected 
to be different (discriminative validity).9 Reliability (relative 
reliability) and measurement error (absolute reliability) re-
flect the consistency of a measurement method.12 Reliability 
determines whether subjects can be distinguished from each 
other despite measurement errors, and is highly dependent on 
the heterogeneity of the study population.8,12,13 Measurement 
error assesses how close to each other the results of the re-
peated measurements are. It quantifies the systematic and 
random error of a score that is not attributed to true changes 
in the construct to be measured.13,14 Responsiveness refers to 
the ability of an instrument to detect change over time.9
Few systematic reviews have evaluated the measurement 
properties of HHD for muscle strength testing of the shoul-
der. Schrama et al1 summarized intra-examiner reliability of 
HHD in all joints of the upper extremity and found conflict-
ing results or unacceptable reliability for the assessment of 
shoulder strength. In this review, measurement error was not 
addressed and both children, adults, and patients with neuro-
logic or systemic diseases were included resulting in a large 
heterogeneous population. Children vs adults and different 
disease groups could potentially show a different reliability. 
Thus, a more homogeneous population is desired. Stark et al4 
evaluated the convergent validity by comparing HHD and 
ID and found Pearson's correlation coefficients from 0.28 to 
0.88 for the shoulder muscles. However, the literature search 
is from 2010 and an update seems relevant.
Therefore, a systematic review of all relevant measure-
ment properties of HHD, including measurement error, is 
useful to athletes, musculoskeletal researchers, and clini-
cians. The aim of this systematic review was to summarize 
the evidence of measurement properties of HHD for the as-
sessment of shoulder muscle strength of the glenohumeral 
joint in non-neurological participants.
2 |  METHODS
This systematic review was conducted according to the 
COnsensus-based Standards for the selection of health 
Measurement INstruments (COSMIN) methodology for 
systematic reviews of patient-reported outcome measures 
(PROMs),15 and, when needed, adapted to the purpose of 
evaluating the quality of objective measurement instruments. 
This guideline is based on existing guidelines for reviews, 
such as the Preferred Reporting Items for Systematic Reviews 
and Meta-Analysis statement (PRISMA),16 the Cochrane 
Handbook for systematic reviews of interventions,17 and the 
Grading of Recommendations Assessment, Development 
and Evaluation (GRADE) principles.18
2.1 | Deviations from the protocol
Before starting the review, a protocol was written and 
registered in the International Prospective Register of 
Systematic Reviews (PROSPERO) (registration num-
ber: CRD42017054027) and published https://doi.
org/10.1080/10833 196.2017.1392673. This protocol reflects 
the original purpose of the review, which was to summarize 
the evidence of both HHD and ID. As the two types of dy-
namometers are not sufficiently similar to be combined, the 
results were intended to be reported separately but in one re-
view. During the process, we considered the data to be too 
comprehensive to be reported in a single review. Therefore, 
we decided to divide the review into two to make it more 
manageable: one review focusing on HHD and another on 
ID. The focus of the current review is on HHD.
2.1.1 | Search strategy
The following electronic databases were searched from their 
inception to February 2020: Cochrane Central Register of 
Controlled Trials (CENTRAL), PubMed, EMBASE, and 
PEDro. The electronic search strategies were developed 
with the assistance of an information specialist using MeSH 
(PubMed), Thesaurus (EMBASE), and free-text words. 
These terms were combined with the validated sensitive 
methodological search filter to identify studies of measure-
ment properties in PubMed19 and an adapted version of the 
filter made for EMBASE. The search strategy for PubMed is 
presented in Appendix 1. Reference lists and citations of the 
included studies and relevant reviews were hand-searched for 
additional studies. No publication period or language restric-
tions were applied. Only studies published as a full-text origi-
nal article were included.
2.1.2 | Procedures
Two review authors (AKP and LS) independently conducted 
the study selection, data extraction, quality assessment, and 
rated the results. Disagreements were resolved through dis-
cussion, and when needed, a third review author (LGO) was 
consulted.
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2.1.3 | Study selection
Inclusion criteria for studies assessed in this review were (a) 
evaluating HHD used on the glenohumeral joint, (b) evalu-
ating measurement properties, and (c) included individuals 
≥18 years with or without shoulder symptoms.
Exclusion criteria were studies that (a) included patients 
with neurologic, neuromuscular, systemic diseases, or criti-
cal illness or bed-side patients and (b) did not report the re-
sults separately for each movement.
Full text of all potentially relevant studies was obtained to 
identify studies meeting the inclusion criteria. The reasons 
for exclusion of retrieved full-text articles were recorded 
(data not shown).
2.1.4 | Data extraction
Characteristics of the instrument, included study population 
(age, gender, healthy/symptomatic individuals), and test pro-
cedure, and results of the measurement properties were ex-
tracted from the included studies.
2.1.5 | Quality assessment
The methodological quality of each study was assessed using 
the COSMIN risk of bias checklist.15,20 The checklist consists 
of 10 boxes. The measurement properties assessed in each ar-
ticle were evaluated using the corresponding COSMIN box. 
Each box contains items dealing with design aspects and 
statistical methods. The methodological quality was rated as 
either “very good,” “adequate,” “doubtful,” or “inadequate.” 
To determine the overall quality of each study on a measure-
ment property, the lowest rating in the box was used (“the 
worst score counts” principle).
The results of each study were rated as either suf-
ficient (+), insufficient (-), or indeterminate (?) 
based on the described criteria for good measurement 
properties.15,20,21
Construct validity was rated as sufficient if the results 
were in accordance with the hypothesis defined by the re-
view team.15 The correlation between compared instruments 
(convergent validity) had to be ≥0.70 or show no significant 
differences between instruments.15 The comparison between 
groups that were expected to be different (discriminative va-
lidity) had to be significantly different.15
Reliability was rated as sufficient if intraclass correla-
tion coefficient (ICC) was ≥0.70. Measurement error was 
rated as sufficient if minimal detectable change in percent 
(%MDC) was smaller than the minimal important change 
(MIC).15 Some studies indicated a change of 10% to 15% as 
being clinically relevant.3,22 Based on available literature, 
we set an average MIC to 15%. Furthermore, we conducted 
a sensitivity analysis by setting MIC to 10% and 20%, 
respectively.
In studies using MDC90 = SEM*1.65*√2,
23,24 it was con-
verted to MDC95 = SEM*1.96*√2
12 before rating %MDC.
For studies only reporting MDC as absolute values ex-
pressed in Newton (N), the %MDC was calculated by di-
viding MDC with the mean of test and retest, if the study 
presented sufficient data.
2.1.6 | Evidence synthesis
When results from different studies or across reported test 
conditions (days 1 and 2, testers 1 and 2, dominant and 
non-dominant arms, affected and unaffected arms, throw-
ing and non-throwing arms, position of the body, position 
of the arm, highest and average values, within and between 
sessions, healthy subjects and patients, different ICC mod-
els) were consistent, these results were summarized to de-
termine the overall evidence of the measurement properties 
of HHD.15 The results for each movement of the shoul-
der and for intra- and inter-rater assessment were reported 
separately. This differentiation was made to present the 
results in an operational way for clinicians, who are gener-
ally interested in specific movements or a specific type of 
reliability.
The ICC and MDC results were reported as a range be-
tween minimal and maximal values and as the proportion of 
reported ICC estimates ≥0.70 or %MDC estimates ≤15%.
The summarized results of all included studies were rated 
against the criteria for good measurement properties to de-
termine whether the overall measurement property was suf-
ficient (+), insufficient (-), inconsistent (±), or indeterminate 
(?). The ratings as either sufficient or insufficient were based 
on the principle that at least 75% of the results should meet 
the criteria.9 The results were rated as “sufficient” if ≥75% of 
the ICC or %MDC values met the criteria, as “insufficient” 
if ≤25% of the ICC or %MDC values met the criteria, and 
as “indeterminate” if between 25% and 75% of the ICC or 
%MDC values met the criteria.
The sensitivity analysis reported the proportion of 
reported %MDC estimates ≤10% and %MDC estimates 
≤20%.
After summarizing the results, the quality of evidence 
was rated according to the GRADE approach, modified 
for reviews of measurement properties.9 The quality of ev-
idence was graded as “high,” “moderate,” “low,” or “very 
low.”15,25 The grading was based on risk of bias, inconsis-
tency, imprecision, and indirectness.15 Risk of bias refers to 
the methodological quality of the studies; inconsistency to 
the unexplained inconsistency of results across studies; im-
precision to the total sample size of the included studies; and 
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indirectness to the circumstance where evidence comes from 
different populations or context.15
3 |  RESULTS
The electronic search strategy for both HHD and ID yielded 
8054 hits: 1686 duplicates were excluded and 6368 remained. 
Based on the title and abstract, 6268 studies were excluded, 
leaving 100 studies for full-text assessment. Another 59 
studies were excluded after evaluating full text; four addi-
tional studies were identified through reference checking. 
In total, 28 studies on HHD were identified (Supplementary 
Figure S1).
Characteristics of the included studies are shown in sup-
plementary Table  S1. The study populations included 806 
healthy subjects in 25 studies,22-24,26-47 145 patients with 
shoulder symptoms in five studies,6,32,35,38,48 and 12 patients 
with chronic obstructive pulmonary disease in one study.49 
Appendixes 2 and 3 show the results of the measurement 
properties extracted for each study. Rating of the results 
and risk of bias assessment are presented in Supplementary 
Table S2.
3.1 | Reliability
Reliability was investigated in 28 studies.6,22-24,26-49 Table 1 
shows that 98% of the reported ICC values were ≥ 0.70, and 
therefore, the overall rating of the results was “sufficient” 
for all movements and type of reliability investigated. The 
quality of evidence was “high” for internal rotation, external 
rotation, abduction, and flexion and “high” to “very low” for 
adduction, and extension.
3.2 | Measurement error
Measurement error was investigated in 14 stud-
ies.22-24,26-29,31-33,35,37,40,48 Table  2 shows that the %MDC 
values ranged from 0% to 51.0% and none of the move-
ments and type of reliability investigated was rated as 
T A B L E  1  Summary of findings for reliability of handheld dynamometry reported separately for each movement and for each type of 
reliability
Movement and type of 
reliability







































































0.87-0.97 100 Sufficient Moderate
Abbreviations: Abd, abduction; Add, adduction; ER, external rotation; EX, extension; Flex, flexion; ICC, intraclass correlation coefficientIR, internal rotation.
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“sufficient.” The results of seven movements and type of 
reliability were rated as “insufficient” and the others as 
“indeterminate.” The quality of evidence was graded as 
“high” or “moderate” except for adduction, which was 
“low” or “very low.”
The sensitivity analysis showed that by setting the MIC to 
10%, the results of all the movements and type of reliability were 
rated as “insufficient.” By setting the MIC to 20%, the results 
were that two movements and type of reliability were rated as 
“sufficient,” two as “insufficient,” and eight as “indeterminate.”
T A B L E  2  Summary of findings for measurement error of handheld dynamometry reported separately for each movement and for each type of 
reliability
Movement and type 
of reliability















0-29.0 40 Indeterminate High
IR
Inter-rater
5 studies, n = 18622,23,27,32,40 12.0-42.7 19 Insufficient High
ER
Intra-rater
7 studies, n = 18522-24,31-33,40 0-48.5 40 Indeterminate High
ER
Inter-rater
5 studies, n = 19922,23,32,33,40 15.0-33.3 6 Insufficient High
Abd
Intra-rater
3 studies, n = 6828,32,40 15.0-35.2 11 Insufficient Moderate
Abd
Inter-rater
3 studies, n = 14428,32,40 16.1-32.4 0 Insufficient High
Add
Intra-rater
1 study, n = 2532 51.0 0 Insufficient Very low
Add
Inter-rater
1 study, n = 10132 19.1-24.7 0 Insufficient Low
Flex
Intra-rater
4 studies, n = 8324,28,32,40 11.6-35.8 27 Indeterminate Moderate
Flex
Inter-rater
4 studies, n = 18028,32,35,40 16.1-39.9 0 Insufficient High
Ex
Intra-rater
4 studies, n = 6524,26,27,32 2.8-30.5 39 Indeterminate Moderate
Ex
Inter-rater
2 studies, n = 11327,32 8.6-25.2 50 Indeterminate Moderate
Abbreviations: Abd, abduction; Add, adduction; ER, external rotation; EX, extension; Flex, flexion; IR, internal rotation; MDC95, minimal detectable change.
T A B L E  3  Summary of findings for construct validity of handheld dynamometry reported separately for handheld dynamometer compared 
with isokinetic dynamometer, externally fixed dynamometer, and spring scale dynamometer, and for subjects with symptoms compared to subjects 
without symptoms
Number of studies, number of 
participants Summary of results




HHD/ID 3 studies, n = 5422,36,39 r, range
.28-.85
Insufficient Very low
HHD/EFD 1 study, n = 2037 Mean diff., range (N)
-6.5 to 29.9
Indeterminate Low
HHD/spring scale 2 studies, n = 186,42 r, range
.77-.99
Sufficient Very low
With/Without symptoms 1 study, n = 3635 P-value, range
.89-.99
Insufficient Very low
Abbreviations: diff., difference; EFD, externally fixed dynamometer; HHD, handheld dynamometer; ID, isokinetic dynamometer; N, Newton; r, Pearson's correlation 
coefficient.
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3.3 | Construct validity
Table  3 shows that the correlations between HHD and ID 
ranged from 0.28 to 0.85.22,36,39 The results were rated as “in-
sufficient,” and the quality of evidence was “very low.”
The comparison between HHD and externally fixed dyna-
mometer showed “low”-quality evidence that two out of three 
mean differences were significantly different from zero.37 
The results were rated as “indeterminate.”
The correlations between HHD and spring scale dyna-
mometer were rated as “sufficient” (0.77-0.99),6,42 but the 
quality of evidence was “very low.”
One study compared subjects with and without shoulder 
symptoms35 and found “very low” quality of evidence for no 
significant differences between groups.
4 |  DISCUSSION
This systematic review included 28 studies investigating reli-
ability, measurement error, or construct validity of shoulder 
muscle strength assessment with HHD. The methodologi-
cal quality of the majority of studies was either adequate or 
doubtful assessed with the COSMIN risk of bias checklist.
Our results demonstrated that the reliability of HHD was 
overall sufficient with high or moderate quality of evidence 
for 11 out of 12 movements and type of reliability examined. 
The measurement error results were either insufficient or in-
determinate with high or moderate quality of evidence for 
10 out of 12 movements and type of reliability examined. 
Based on the evidence of low or very low quality, the validity 
of HHD when compared with other types of dynamometers 
was either sufficient, indeterminate, or insufficient, and HHD 
could not measure differences in muscle strength between 
groups with and without shoulder symptoms. No studies 
evaluating responsiveness were identified.
Reliability results indicate that HHD can be used to dis-
tinguish between individuals on group level. However, clini-
cians are often interested in the assessment of muscle strength 
in the same individual before and after an intervention. To 
be able to detect small but clinically relevant changes, the 
measurement error needs to be smaller than the MIC. For 
assessing MIC, anchor-based methods are preferred, as 
they include a definition of what is minimally important 
from a patient perspective. 50 Furthermore, MIC is depen-
dent on the baseline score and thereby the study population 
and can be different for different groups of athletes, healthy 
non-athletes, and patients with shoulder disorders. 50 Torrens 
et al evaluated the MIC in the Constant score domains func-
tion and strength in patients treated with reverse shoulder ar-
throplasty and found the MIC for the strength domain to be 
11.5 points. 51 Other studies have examined the MIC of the 
Constant score in patients with shoulder disorders, but did 
not specifically focus on the strength domain. 52,53 We found 
it appropriate to set the MIC at 15% and rate the measurement 
error results against this criterion. In addition, we conducted 
a sensitivity analysis by setting the MIC to 10% and 20%. 
Only a few of the included studies found measurement error 
results of MDC ≤15%. However, the results did not exceed 
the 75% limit and could not be rated as sufficient for any of 
the movements and type of reliability examined. Therefore, 
we must conclude that HHD cannot measure changes in mus-
cle strength less than 15%, and it is also questionable if HHD 
can measure changes less than 20%. Whether this change is 
clinically meaningful depends on the expected magnitude of 
change in the population of interest. The expected change 
might differ substantially between athletes and patients. 50 
For some athletes, a small change might be important even 
though it is unknown if it exceeds MDC. However, knowl-
edge of the performance of the instrument will help athletes, 
patients, and testers to interpret the results of muscle strength 
assessment with HHD.
Our results of reliability and measurement error are simi-
lar to those reported in other reviews even though their inclu-
sion criteria differed from ours. Schrama et al1 found that 15 
out of 38 studies showed acceptable intra-examiner reliabil-
ity. However, their conclusions were based on a cutoff value 
of 0.90 for acceptable reliability and they only focused on 
reliability and not measurement error.
Our conclusion for convergent validity is in contrast with 
the conclusion reported by Stark et al4 Based on similar results 
with correlation coefficients rating from 0.28 to 0.89, they con-
cluded that HHD compared with ID can be regarded as a reli-
able and valid instrument to assess shoulder muscle strength.
4.1 | Strengths and limitations
To our knowledge, this is the first systematic review to sum-
marize available research on measurement properties of HHD 
when used to assess shoulder muscle strength. It is considered 
a strength of the study to use the COSMIN methodology to 
evaluate the measurement properties of HHD. Furthermore, 
the detailed description of all steps increases the transpar-
ency of the methodological process. However, some limita-
tions must be noted. Although we made a thorough literature 
search, relevant studies may have been missed. Additionally, 
using other quality assessment tools might have generated 
different conclusions.
5 |  CONCLUSION
We conclude that the reliability (relative reliability) of HHD 
was overall sufficient and HHD can be used to distinguish 
individuals on the group level. The measurement error 
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(absolute reliability) was not sufficient. HHD cannot meas-
ure changes less than 15%, and it is questionable if HHD can 
measure changes less than 20%. The conclusion is based pri-
marily on high or moderate quality of evidence.
5.1 | Perspective
HHD is a frequently used method to objectively assess shoul-
der muscle strength. However, the results of this review indi-
cate that while the method is useful to distinguish individuals 
on the group level, like when comparing the muscle strength in 
two or more groups of subjects, the evaluation of treatment ef-
fect on the individual level should be interpreted with caution. 
Changes in shoulder muscle strength in individuals should ex-
ceed the measurement error to be detected with HHD. Whether 
a 20% change seems realistic depends on the clinical context.
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Appendix 1
Search strategy in PubMed
#1 Shoulder [MeSH] OR Shoulder Pain [MeSH] OR Shoulder Impingement Syndrome[MeSH] OR Shoulder Joint [MeSH] OR 
shoulder[tiab] OR shoulders[tiab] OR rotator[tiab] OR rotators[tiab]
#2 Muscle Strength Dynamometer [MeSH] OR Muscle Strength [MeSH] OR Muscle Contraction [MeSH] OR strength[tiab] 
OR force[tiab] OR power[tiab] OR dynamometer[tiab] OR dynamometry[tiab] OR hand-held[tiab] OR handheld[tiab] OR 
isokinetic[tiab] OR isometric[tiab] OR peak torque[tiab] OR EMG[tiab]
#3 (instrumentation[sh] OR methods[sh] OR Validation Studies[pt] OR Comparative Study[pt] OR ‘‘psychometrics’’ [MeSH] 
OR psychometr*[tiab] OR clinimetr*[tw] OR clinometr*[tw] OR ‘‘outcome assessment (health care)’’[MeSH] OR outcome 
assessment[tiab] OR outcome measure*[tw] OR ‘‘observer variation’’[MeSH] OR observer variation[tiab] OR ‘‘Health Status 
Indicators’’[Mesh] OR ‘‘reproducibility of results’’[MeSH] OR reproducib*[tiab] OR ‘‘discriminant analysis’’[MeSH] OR 
reliab*[tiab] OR unreliab*[tiab] OR valid*[tiab] OR coefficient[tiab] OR homogeneity[tiab] OR homogeneous[tiab] OR ‘‘internal 
consistency’’[tiab] OR (cronbach*[tiab] AND (alpha[tiab] OR alphas[tiab])) OR (item[tiab] AND (correlation*[tiab] OR 
selection*[tiab] OR reduction*[tiab])) OR agreement[tiab] OR precision[tiab] OR imprecision[tiab] OR ‘‘precise values’’[tiab] 
OR test– retest[tiab] OR (test[tiab] AND retest[tiab]) OR (reliab* [tiab] AND (test[tiab] OR retest[tiab])) OR stability[tiab] 
OR interrater[tiab] OR inter-rater[tiab] OR intrarater[tiab] OR intra-rater[tiab] OR intertester[tiab] OR inter-tester[tiab] OR 
intratester[tiab] OR intra-tester[tiab] OR interobserver[tiab] OR inter-observer[tiab] OR intraobserver[tiab] OR intraobserver[tiab] 
OR intertechnician[tiab] OR inter-technician[tiab] OR intratechnician[tiab] OR intra-technician[tiab] OR interexaminer[tiab] OR 
inter-examiner[tiab] OR intraexaminer[tiab] OR intra-examiner[tiab] OR interassay[tiab] OR inter-assay[tiab] OR intraassay[tiab] 
OR intra-assay[tiab] OR interindividual[tiab] OR inter-individual[tiab] OR intraindividual[tiab] OR intra-individual[tiab] 
OR interparticipant [tiab] OR inter-participant[tiab] OR intraparticipant[tiab] OR intra-participant[tiab] OR kappa[tiab] OR 
kappa’s[tiab] OR kappas[tiab] OR repeatab*[tiab] OR ((replicab*[tiab] OR repeated[tiab]) AND (measure[tiab] OR measures[tiab] 
OR findings[tiab] OR result[tiab] OR results[tiab] OR test[tiab] OR tests[tiab])) OR generaliza*[tiab] OR generalisa*[tiab] OR 
concordance[tiab] OR (intraclass[tiab] AND correlation*[tiab]) OR discriminative[tiab] OR ‘‘known group’’[tiab] OR factor 
analysis[tiab] OR factor analyses[tiab] OR dimension*[tiab] OR subscale*[tiab] OR (multitrait[tiab] AND scaling[tiab] AND 
(analysis[tiab] OR analyses[tiab])) OR item discriminant[tiab] OR interscale correlation*[tiab] OR error[tiab] OR errors[tiab] 
OR ‘‘individual variability’’[tiab] OR (variability[tiab] AND (analysis[tiab] OR values[tiab])) OR (uncertainty[tiab] AND 
(measurement[tiab] OR measuring[tiab])) OR ‘‘standard error of measurement’’[tiab] OR sensitiv*[tiab] OR responsive*[tiab] 
OR ((minimal[tiab] OR minimally[tiab] OR clinical[tiab] OR clinically[tiab]) AND (important[tiab] OR significant[tiab] 
OR detectable[tiab]) AND (change[tiab] OR difference[tiab])) OR (small*[tiab] AND (real[tiab] OR detectable[tiab]) AND 
(change[tiab] OR difference[tiab])) OR meaningful change [tiab] OR ‘‘ceiling effect’’[tiab] OR ‘‘floor effect’’[tiab] OR ‘‘Item 
response model’’[tiab] OR IRT[tiab] OR Rasch[tiab] OR ‘‘Differential item functioning’’[tiab] OR DIF[tiab] OR ‘‘computer 
adaptive testing’’[tiab] OR ‘‘item bank’’[tiab] OR ‘‘cross-cultural equivalence’’[tiab])
#4 #1 AND #2 AND #3
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Appendix 2





ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated
Awatania, 2016 Ex Intra WS, day 1, dom.
WS, day 1, 
non-dom.
WS, day 2, dom.
WS, day 2, 
non-dom.
WS, day 1, dom.
WS, day 1, 
non-dom.
WS, day 2, dom.


































































Awatanib, 2016 IR Intra Day 1, examiner 
1, dom.
Day 1, examiner 
1, non-dom.
Day 1, examiner 
2, dom.
Day 1, examiner 
2, non-dom.
Day 2, examiner 
1, dom.
Day 2, examiner 
1, non-dom.
Day 2, examiner 
2, dom.
























































































ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated




























Ex Intra Day 1, examiner 
1, dom.
Day 1, examiner 
1, non-dom.
Day 1, examiner 
2, dom.
Day 1, examiner 
2, non-dom.
Day 2, examiner 
1, dom.
Day 2, examiner 
1, non-dom.
Day 2, examiner 
2, dom.







































































































































































ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95












































































With stab., trial 
1/2
With stab., trial 
1/3



















ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated
























Mean of 3, 
affected arm






































Mean of 3, 
affected arm














Cools, 2014 IR Intra Seated, 0° abd, 
examiner 1
Seated, 0° abd, 
examiner 2
Seated, 90° abd, 
examiner 1
Seated, 90° abd, 
examiner 2
Supine, 0° abd, 
examiner 1
Supine, 0° abd 
examiner 2
Supine, 90° abd, 
examiner 1
Supine, 90° abd, 
examiner 2
Prone, 90° abd, 
examiner 1



























































ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated






























ER Intra Seated, 0° abd, 
examiner 1
Seated, 0° abd, 
examiner 2
Seated, 90° abd, 
examiner 1
Seated, 90° abd, 
examiner 2
Supine, 0° abd, 
examiner 1
Supine, 0° abd 
examiner 2
Supine, 90° abd, 
examiner 1
Supine, 90° abd, 
examiner 2
Prone, 90° abd, 
examiner 1





























































































































ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated





























































































































ICC? = 0.99 
(0.99-1.00)
ICC? = 1.00 
(0.99-1.00)
ICC? = 0.94 
(0.87-0.98)





















ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated









ICC? = 0.99 
(0.97-1.00)
ICC? = 1.00 
(0.99-1.00)
ICC? = 0.95 
(0.89-0.98)














Fieseler, 2017 IR Intra Patients with SIS ICC? = 0.97 
(0.92-0.99)
4.83 13.4 (c) 21.9 (c)
Inter Patients with SIS
Healthy subjects
ICC? = 0.93 
(0.85-0.97)








ER Intra Patients with SIS ICC? = 0.90 
(0.78-0.96)
9.08 25.2 (c) 48.5 (c)
Inter Patients with SIS
Healthy subjects
ICC? = 0.96 
(0.88-0.98)








Abd Intra Patients with SIS ICC? = 0.94 
(0.86-0.97)
5.00 13.9 (c) 35.2 (c)
Inter Patients with SIS
Healthy subjects
ICC? = 0.95 
(0.89-0.98)








Add Intra Patients with SIS ICC? = 0.87 
(0.70-0.94)
9.86 27.3 (c) 51.0 (c)
Inter Patients with SIS
Healthy subjects
ICC? = 0.98 
(0.95-0.99)








Flex Intra Patients with SIS ICC? = 0.94 
(0.86-0.97)
4.36 12.1 (c) 26.1 (c)
Inter Patients with SIS
Healthy subjects
ICC? = 0.89 
(0.75-0.95)








Ex Intra Patients with SIS ICC? = 0.94 
(0.86-0.98)
7.96 22.1 (c) 33.0 (c)
Inter Patients with SIS
Healthy subjects
ICC? = 0.97 
(0.94-0.99)



















ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated















































































































































ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated
































































































































Johansson, 2005 Abd Intra Pull force, tester 
A, mean






Pull force, tester 
B, mean






ICC? = 0.98 
(0.95-0.99)
ICC? = 0.98 
(0.96-0.99)
ICC? = 0.94 
(0.88-0.98)
ICC? = 0.95 
(0.78-0.98)
ICC? = 0.96 
(0.91-0.98)
ICC? = 0.95 
(0.91-0.98)
ICC? = 0.90 
(0.78-0.95)
ICC? = 0.91 
(0.80-0.96)
(Continues)





ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated
Abd Inter Pull force, test 1, 
mean






Pull force, test 2, 
mean






ICC? = 0.93 
(0.87-0.96)
ICC? = 0.96 
(0.91-0.98)
ICC? = 0.89 
(0.78-0.94)
ICC? = 0.91 
(0.82-0.96)
ICC? = 0.89 
(0.80-0.94)
ICC? = 0.97 
(0.94-0.98)
ICC? = 0.94 
(0.79-0.98)
ICC? = 0.95 
(0.82-0.98)














14.11 12.0 33.3 (c)






























Magnusson, 1990 Abd Intra Day 1 vs. day 2
Day 1 vs. day 3
Day 1 vs. day 4











ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated



































































































































































ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated
Inter WS ICC? = 0.81
O’Shea, 2007 Flex Intra ICC2,1 = 0.81
Ottenbacher, 
2002
Abd Inter Part 1, 0° abd
Part 1, 90 ° abd
Part 2, 0° abd





























Riemann, 2010 IR Intra Left, tester 1, 
prone, 90°
Left, tester 1, 
seated, neutral
Left, tester 1, 
seated, 30°
Left, tester 2, 
prone, 90°
Left, tester 2, 
seated, neutral
Left, tester 2, 
seated, 30°
Right, tester 1, 
prone, 90°
Right, tester 1, 
seated, neutral
Right, tester 1, 
seated, 30°
Right, tester 2, 
prone, 90°
Right, tester 2, 
seated, neutral





















ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated















ER Intra Left, tester 1, 
prone, 90°
Left, tester 1, 
seated, neutral
Left, tester 1, 
seated, 30°
Left, tester 2, 
prone, 90°
Left, tester 2, 
seated, neutral
Left, tester 2, 
seated, 30°
Right, tester 1, 
prone, 90°
Right, tester 1, 
seated, neutral
Right, tester 1, 
seated, 30°
Right, tester 2, 
prone, 90°
Right, tester 2, 
seated, neutral




























































ICCmodel (95% CI)/r SEM, N %SEM
(1) = MDC95, N
(2) = MDC90, N
(3) = TEM, N
(4) = LoA, kg
(5) = LoA, N
(6) = SDD, N
(c) = MDC95 
calculated
(1) = %MDC95
(c) = %MDC95 
calculated
Sullivan, 1988 ER Intra r = .99
















































Abbreviations: Abd, abduction; Add, adduction; BS, between sessions; dom., dominant; EFD, externally fixed dynamometer; ER, external rotation; EX, extension; 
Flex, flexion; HHD, handheld dynamometer; ICC, intraclass correlation coefficient; Inter, inter-tester reliability; Intra, intra-tester reliability; IR, internal rotation; 
kg, kilogram; LoA, limits of agreement; MDC, minimal detectable change; MDC90, MDC with 90% CI; MDC95, MDC with 95% CI; N, Newton; non-dom., non-
dominant; r, Pearson’s correlation coefficient; SDD, smallest detectable difference; SEM, standard error of measurement; SIS, subacromial impingement syndrome; 
Stab., stabilization; TEM, technical error of the measurement; WS, within session.
Appendix 2 (Continued)
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Appendix 3
Results of construct validity
Author/year Comparison Movement Test procedure Results






























































ICC? = 0.96 (0.91-0.99)
ICC? = 0.96 (0.91-0.99)
ICC? = 0.99 (0.98-1.00)
ICC? = 0.99 (0.96-0.99)
Sullivan, 1998 HHD/ ID ER r = .52
r = .78
Vermeulen, 2005 HHD/ EFD ER Mean diff, N = 21.4 
(15.9-26.8)
Abd Mean diff, N = −6.5 
(−16.3-3.3)
Flex Mean diff, N = 29.9 
(26.3-33.5)




Abbreviations: Abd, abduction; con, concentric, Pearson’s correlation coefficient; diff, difference; ecc, eccentric; EFD, externally fixed dynamometer; ER, external 
rotation; Flex, flexion; HHD, handheld dynamometer; ID, isometric dynamometer; IR, internal rotation.
P-value: independent t test
